I n trying to provide t h i s answer we wil&,of necessity, have t o review the accomplishments, p a r t i c u l a r l y of these areas, both i n t h e i r p r a c t i c a l , concrete knowledge, a s well as the impact they have, and w i l l have, on man's view of himself and h i s place i n the universe. A t every point of our discussion, we w i l l l i m i t ourselves t o asking questions, and providing answers, which, a t some point, may be susceptible of observationa1,or experimental, t e s t .
WHAT IS LIFE?
Since we have phrased the question i n terms of "the o r i g i n of l i f e " , we presumably have a c l e a r conception of what we mean by the term " l i f e . "
There i s very l i t t l e doubt but what, on the ordinary l e v e l of human experience, there i s no d i f f i c u l t y i n distinguishing t h a t which l i v e s from t h a t which does not. However, when we explore t h i s notion t o t r y t o determine p r e c i s e l y what
it i s , or t o be even more specific, what q u a l i t i e s we must devise, i n order t o produce something which l i v e s from something which does not with no help from a l i v i n g agency save the hand of man, the question becomes somewhat more ambiguous. For example, there a r e many q u a l i t i e s which we have no d i f f i c u l t y i n a t t r i b u t i n g t o a l i v i n g organism. It i s able t o reproduce i t s e l f , t o respond t o an environmental change ( i .e., "come i n out of the rain, I f ) , t o transform energy into order (sunshine i n t o a l e a f , l e a f i n t o a h a i r ) , t o change and remember the change, e t c . While many of these individual c h a r a c t e r i s t i c s may be duplicated i n systems i n space, one or more a t a time, it i s only when a s u f f ic i e n t l y large collection of them appears i n a s i n g l e system i n space t h a t we c a l l t h a t system a l i v e .
Thus, the d e f i n i t i o n of l i f e takes on the a r b i t r a r i n e s s of the d e f i n i t i o n of any p a r t i c u l a r point on a varying continuum, and precisely where t h a t p o i n t w i l l f a l l on the l i n e of time and evolution w i l l depend a good dealimpon who i s watching the runfbldtlng of t h a t l i n e . to the evolutionary extrapolation of Darwin and Wallace, there was not, by definition, any living thing on the surface of the earth. Therefore, it was possible, in the prebiotic time, to accumulate large amounts of organic material generated by nonbiological processes. This, of course, cannot take place on the surface of the earth today, since there exzst everywhere on the earth's surface organisms, both micro and macro, which would transform any such organic material immediately it is formed, even in small amounts. Thus, the apparent conflict of concept between the backward extrapolation of evolution and the dictum of "no life save from life" can be, and has been, resolvedO5 Since that time, that is, 1928, it has become increasingly popular, amongst scientists (experimental and otherwise) to examine the question of the origin of life from the scientific point of view, In fact, it has become so popular that within the last 18 months there have been held at least two conferences in the Uaited States and one international conference on the subject.
--( ' , I
THE TIME SCALE It seems wise to have a look at the time we have in which to accomplish this total evolution of life. Here, in the first of our figures (FIGURF: 1) we can see something of the order of magnitude of the tfme with which we have to deal related to the geologic history of the earth. The Time Scale f o r T o t a l Evolution f~" m matter in space some four to seven billion years ago. Whether this was an aggregation of cosmic dust or a primeval explosion remains a matter of some controversy and will come up again a bit later in our discussion. However, that terrestrial history itself i s only some five billion years in extentseems to 5 e we91 established. You can see in FIGURE 1 that we have marked the evolutionary periods on the surface of the earth to correspond with the known geologic eras.
The earliest period might be spoken of as the period of evolution of the present earth, Overlapping this, and including the Archezoic and Froteroaoic geologic eras(some four to two billion years ago) is the principal period of which we will speak, namely, the period of Chemical Evolution. It was duri_rg this time that the formation of more coqlex organic molecules from simple ones occurred by nonbiological methods which we will try to describe in a moment.
Overlapping the period of Chemical Evolution we have marked the period of Organic Evolution , up to the present day. This period of Organic Evolution is the one whose later part is recorded in the form of fossils. However, far its greatest part, beginning some time in the Archezoic period and extending through the Proterozoic period, therdis no fossil record. Primeval and Primitive Organic Molecules appears t h a t a l l of t h e concepts of t h e e a r t h ' s formation involve t h e absence sf nolecular oxygen from i t s primeval atmosphere, t h e i n t e n s i t y of u l t r a v i o l e t l i g h t which impinged on t h e surface of t h e e a r t h i n i t s e a r l y days was cons i d e r a b l y g r e a t e r than it i s today. So, some of t h e e a r l i e s t experiments desggned t o determine whether more complex organic molecules, containing carboncarbon bonds, could be formed were done using t h e u l t r a v i o l e t l i g h t as t h e source of t h e energy. They were described by Haldane a s e a r l y a s 1928 and they have been since checked i n a v a r i e t y of l a b o r a t o r i e s throughout t h e world. The p r i m i t i v e carbon compounds used i n most of these experiments were a l r e a d y p a r t l y reduced, such a s carbon monoxide, formic acid, o r formaldehyde. 4
I n 1951, i n our laboratory, experiments were again i n s t i t u t e d t o d e t e rmine t h e usefulness of high-energy r a d i a t i o n s , such a s those which might be derived from the n a t u r a l r a d i o a c t i v e m a t e r i a l s p r e s e n t i n r e l a t i v e l y high concentrations i n t h e p r i m i t i v e earth, o r from cosmic r a d i a t i o n s coming i n from spaceO7 Here, the p r i m i t i v e carbon compounds were of t h e more oxidized type, s t r i c t l y speaking, carbon dioxide, However, molecular hydrogen was a l s o pres e o t i n t h e s e experiments. The p a r t i a l reduction of carbon from t h e completely S t i l l more recently, beginning with t h e premise t h a t t h e primeval atmosphere was of a reducing charac'ter, experiments were undertaken which were designed t o t e s t the e f f e c t i v e n e s s of e l e c t r i c a l discharge i n t h e upper atmosphere (a reduced atmosphere) t o c r e a t e m a t e r i a l s more c l o s e l y resembling those which a r e presently used i n b i o l o g i c a l a c t i v i t i e s . ' Here t h e compounds used a s s t a r t i n g materials were water vapor, methane, ammonia and hydrogen, As you see, t h e s e were p r b n a r i l y t h e reduced forms of each of t h e elements, t h a t i s , t h e elements of oxygen, nitrogen, carbon, attached only t o hydrogen, When an e l e c t r i c discharge was passed through such a mixture, one indeed d i d g e t a l a r g e v a r i e t y of more complex materials, p a r t i c u l a r l y those known as amino a c i d s , of which t h e simplest, glycine, i s shown i n t h e f i g u r e . It i s perhaps worthwhile t o point out t h a t having f i r s t reduced t h e one-carbon compound i n t h e high-energy experiment and then formed a two-carbon compound by connecting two carbon atoms i n t h e form of a c e t i c acid, it was p o s s i b l e t o demonstrate t h e generation of succinic acid, a four-carbon compound, r e s u l t i n g from t h e com-
b i n a t i o n s of two molecules of a c e t i c acid, by i r r a d i a t i o n with high-energy rad i a t i o n s such a s those which one might o b t a i n from r a d i o a c t i v e m a t e r i a l s . It i s i n t e r e s t i n g t o note t h a t t h e s e l a t t e r experiments, a s w e l l a s t h e f i r s t ones
of 1951, were done using a cyclotron r a t h e r than n a t u r a l sources of r a d i o a c t i v i t y because of t h e high i n t e n s i t i e s of i o n i z i h g r a d i a t i o n which could be obtained.
One suggestion of a very d i f f e r e n t type was among t h e e a r l y ones used, s i n c e t h e elementary chemistry was a l r e a d y well known. This chemistry begins with m e t a l l i c carbide^,^ which, on contact with water, w i l l produce a v a r i e t y of hydrocarbons such a s methane and acetylene ( t h e l a t t e r t h e familiar process used i n t h e older miner's lamps). Some of these gases a r e of such a c h a r a c t e r Very nearly all of these processes which we have just described for
Yne generation of new carbon-carbon and carbon-nitrogen bonds and the creation of more complex molecules from simpler ones are processes which depend upon the primary disruption of the simple molecule into an active fragment; followed by the random combination of those active fragments into something more complex. As the material present in the atmosphere and on the crust of the earth is gradually changed from the simple to the complex, these methods of transformation will not select between the simple and complex and are just as prone to destroy by bond breakage the products of thei? initial activity as they are to create new ones, It is from here that we must now call upon some method of selective construction of molecules.
THE EVOLUTION OF CATALYSTS --ENZYMES
To do this we need only to call upon the phenomenon of autocatalysis, well 10a known to chemists.
This phenomemoccurs whenever the product of any chemical transformation has the property (catalytic) of influencing the rate, of its own formation. It is somewhat surprising that this phenomenon was not long ago utilized in such discussions as these, since it is, in essence, the very fact and form of the mechanism of all selective evolutionary processes, namely, the selective superiority of any form to reproduce itself that will give rise to a transformation of material into that particular form.
Thus, it is easily apparent from FIGURE 3 that of three possible transformations which A might undergo, namely, to 3, to C or to D, it will undergo more frequently the transformation to D because D itself is a better catalyst for that transformation than it is POP the others. Therefore, eventually the random processes which gave rise to A will not be quite so completely random in their further effectiveness. They will, in this case, tend to produce D rather than B or C from A. In general, the selective process of autocatalysis, and in higher evolution as well, is not an "all or none" process as we have just desribed it, but rather one of a matter of degree. Thus, the actual situation is more likely to be that all three substances, 5, C and D, are all catalysts for their own formation, but the most efficient is the one which will eventually supersede zhe others.
It is of interest to examine how this sort of chemical selectivity might have functioned in the development of an extremely important biological material which is widely distributed today. This class of material is represented by that which gives the red color to blood cells and the green color to leaves, It constitutes a very important class of organic substances known by the name of porphyrins. We have already seen how the simple precursors to porphyrins, succinic acid and glycine, mlght be formed (and, ihdeed, were formed) by a random process from the primeval carbon-containing molecules. Now we have available to us a method of tracing the route by which these two precursors eventually become porphyrins in present-day living material, and some of the 11 essential steps in that series are shown in FIGURE 4. Biosynthesis of Porphyrin and the Evolution of the Catalytic Functions of Iron several of the steps leading to its own formation than is the bare iron ion itself. Furthermore, it is almost certainly a better catalyst for the conversion of the levulinic acid toward the porphyrin than for the competitive conversion of the glycine back toward the carbon dioxide whence it came, Thus it is clear that the route from succinic acid and glycine to the porphyrin, once the porphyrin has been formed, will be greatly facilitated by the incorporation of iron into it, thus bringing a good deal more of the succinic acid and glycine into this particular, and important, form.
The process of the development of the catalytic function of iron does not and has not stopped at this point. When the iron compound is built into a protein (a macromolecule made by the combination of many amino acids), its catalytic efficiency may be increased still more. Beyond this, the variety of chemical cmnges in which it may assist can be increased and the efficiency of its function diversified.
Other atoms and groups of atoms having rudimentary catalytic powers can be developed into the highly efficient and specific catalysts which we know as enzymes in even the simplest of modern organisms, by exactly analogous processes of chemical selction by autocatalysis. And it is almost certainly no "accident" that these enzymes are all proteins. For it is only the proteins as a class that offer the combination of simplicity of formation(peptide bond) with practically 12 an infinite variety of chemical function (R groups) , (FIGURE 5 ) .
FROM CHAOS TO ORDER --MOLECULAR CRYSTALLIZATION
So far, all of the processes of which we have spoken have been described as taking place fn a rather dilute solution, with the molecules randomly arranged. The developent of a% complex material under such cfrcumstances could not go very far. Two further stages of change seem to be required: (1) the ordering of the molecules in some rather specific array and (2) the concentration of the formed substances into relatively small packages. Which of these two processes took place first, or whether they were indeed successive or simultaneous
PROTEIN STRUCTURE
Simple structural principles -Variety of chemical reactivity
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FIGUEB 5 P r o t e i n S t r~c t u r e : Simple S t r u c t u r a l P r i n c i p l e s and V a r i e t y of C h e m i c a l R e a c t i v i t y developments, i s hard t o say. However, t h a t both of them took p l a c e we do &ow, and t'mt there e x i s t mechanisms f o r each of these processes t o t a k e place we can a l o s demonstrate i n t h e laboratoryo
One type of molecule, f o r e m p l e , with which we a r e c o n s t a n t l y dealing, botln i n t h e laboratory and a s a r e s u l t of present-day b i o l o g i c a l a c t i o n , i s t h e l a r g e , f l a t so-called aromatic molecule, The porphyrin t h a t we have j u s t ment i o n e d c o n s t i t u t e s one such, and t h e r e a r e many others. Such molecules, when t h e y reach a c e r t a i n min-1 l e v e l of concentration i n aqueous s o l u t i o n , w i l l tend t o drop out of t h a t aqueous soluticm, However, they w i l l n o t drop out i n a random way, Because of t h e i r p e c u l i a r f l a t shape, they w i l l tend t o drop out i n an arrangement i n which t h e molecules a r e p i l e d one on t o p of t h e other, much l i k e a pack of cards, I f one throws a pack of cards i n t h e a i r and allows them t o t e l l o u t of t h e a i r , onto t h e f l o o r , it i s u n l i k e l y t h a t t h e y w i l l f a l l standf n g on edge. They w i l l , of course, p r a c t i c a l l y a l l ( i f not a l l ) land f l a t , one a n t o p of t h e other, becuase of t h e i r p e c u l i a r shape. This kind o f phenomenon i l l u s t r a t e s t h e way in which large, f l a t molecules tend t o come o u t of solut i o n i n c r y s t a l s . FIGURE 6 shows a diagramiatic drawing of a simple c r y s t a l o f a r a t h e r simple f l a t molecule, m-d here you can see t h e r e s u l t of t h e tendenc y o f such molecules t o p i l e up, one on top of t h e o t h e r , l o b I: use t h i s p a r t i c u l a r type of example with a purpose i n mind. The reason i s t h a t much of t h e information that present-day l i v i n g organisms c a r r y with them and can transmit t o t h e i r o f f s p r i n g i n t h e form of g e n e t i c m a t e r i a l , i s made up, o r seems t o be contained, i n an ordered a r r a y of such f l a t molecules a s t h i s , The a d d i t i o n a l f e a t u r e t h a t one must add t o t h i s p i l i n g -u p of f l a t m d e c u l e s i s that they a r e not independent, a s t h e group of c a r d s was, b u t t h z t they a r e a l l t i e d together along aQ edge, a s though t h e group of cards were t i e d together by a double, s t r i n g . The example of t h e f l a t u n i t s t h a t we w i l l use here w i l l be t h e p a i r s of complemnetary bases a s t h e y a r e found i n A packing drawing of the anthracena structure projected on its b face.
FIGURE 6
Packing of F l a t Molecules i n a C r y s t a l desoxynucleic acid (DNA), the material of which the chromosomes are constructed. Secause of their peculiar aromatic type of structure these base pairs will tend to line up one above the other. This tendency will, of course, be in increased because they are not/de-pendent of each other but tied together by the sugar-phosphate ribbons, In actual fact, the structure of desoxynucleic acid (DNA) seems to be such a flat piling up of the nucleoside bases with the sugar-phosphate ribbons twisted in a spiral around the outside as shown in the next figure (FIGURE 8 ).
The other aspect of which we spoke a moment ago, which must obtain, is the concentration into relatively small volumes in space of these organic materials, leading ultimately to the fornzatlon of cells as we now know them as the units of living matter, It is at this point thatour information and our analogies are most diffuse, However, a number of physical-chemical pro- While the knowledge of the interaction of giant, or macro, molecules, both synthetic and natural, has made great strides in the last decade or two, we are still only at the beginning of our investigation of systems of macromolecules of sufficient complexity to prdvide us with the kind of information we would like to have for the present purposes, However, it seems to me that already enough information is available to us to be able to say with confidence that the basic kinds of physical-chemical processes upon which we will have to draw in order to describe the evolution of the cellular structure are already at hand.
THF SELECTION OF THF: PILOT --DNA That characteristic which is most frequently invoked as the prime attribute of living material is the ability to reproduce and mutate. Very frequently in discussions of the origin of life, attempts are made to define that certain point in time before which no life existed and after which we may speak of "living" things, as that point at which an organic unit, be it a molecule or something bigger, came into existence which could generate itself from existing precursors and which could sustain and propagate a structural change. Since we can be confident that genetic information is transmitted today in the environment of a cell by the chemical substance known as desoxynucleic acid (DNA), of which we have already spoken, it seems reasonable to seek in this structure the clues to the mutable self-reproducing nolecule, or unit. 3-3 While a chemical model14 operating in one dimension has been described which is able to control the behavior of a mixture of precursor units as it goes on to f o m a larger material, it is only in recent months that the ability to separate the controlling information-carrying units from the energy-transforming units and to demonstrate that information can indeed be carried by the desoxynucleic acid particles has been achieved. 15 You will recall that the DNA, or chromosomal material, is made up of a linear array of only four units, represented in FIGURE 7, by the four bases (adenine, thymine, cytosine and guanine) and that the controlling information about the organism (at least a modern post-Cambrian cell) is contained in some kind of linear array of these units, In the past few years it has been possible to isolate from various living organisms, particularly bacteria, a catalyst (enzyme), which, when placed into a solution containing all four of these units in an active form, that is, as their triphosphates, was able to induce their comb i n a t f o n i n t o some p a r t i c u l a r l i n e a r a r r a y of bases t o produce a p a r t i c u l a r v a r i e t y of desoxynucleic acid, Which p a r t i c u l a r DNA was formed depended ent i r e l y upon t h e presence of a very small amount of so-called " s t a r t e r " which had t o be added t o t h i s mixture. I f t h i s s t a r t e r were obtained from one t j y e of c e l l , t h a t p a r t i c u l a r type of desoxynucleic acid would be formed; from some o t h e r type of c e l l , another type .of DNA would appear.
S t i l l more recently, it has been p o s s i b l e t o make a s y n t h e t i c desoxynucleic acid, consisting of only two of t h e s e bases, i n p a r t i c u l a r t h e thymine
and adenine .17 This synthetic DNA presumably has no counterpart i n n a t u r e t oday and y e t when t h i s synthetic m a t e r i a l i s given a s a " s t a r t e r 1 l t o t h e reaction mixture, as previously described, t h a t p a r t i c u l a r two-base desoxynucleic acid,
made up of only thymine and adenine, i s produced, The c a t a l y s t which i s a b l e t o do t h i s seems t o be t h e p r o t e i n -l i k e m a t e r i a l constructed of amino a c i d s i n t h e way p r o t e i n s u s u a l l y are. Although l i t t l e i s y e t known about t h e nature of t h i s c a t a l y s t (enzyme) it w i l l almost c e r t a i n l y be r e l a t e d t o t h e simpler com3ounds and elements whose more p r i m i t i v e c a t a l y t i c a b i l i t i e s c o n s t i t u t e t h e b a s i s f o r i t s action. This i s e x a c t l y analogous t o t h e r e l a t i o n s h i p between the c a t a l y t i c a b i l i t y of simple i r o n ions and t h a t of t h e h i g h l y e f f e c t i v e
i r o n proteins, a s described i n FIGURE 4.
W e have thus traced a p a t h from t h e primitive molecules of t h e primeval e a r t h ' s atmosphere condensed from space, through t h e random formation of more o r l e s s complex organic molecules, using t h e a v a i l a b l e energy sources of ultrav i o l e t l i g h t , ionizing r a d i a t i o n o r atmospheric e l e c t r i c a l discharge, through of this Chemical Evolution or perhaps succeeding it, a system was evolved in which the concentration of the reaction materials was retained in a relatively small volume of space, leading to the formation of cellular structures.
PLOTTING TKE COURSE --BIOSYNTRETIC PATHWAYS
During this entire course we have made use of the randomly-formed molecules, followed by a chemical kind of sel$etion. The ultimate production of the information-carrying molecules depended upon the preferred presence of their constituent units, for example, nucleoside triphosphates or "active" amino acids.
It is clear that as the efficiency of transformation is increased by chemical or early biotic evolution, a13 of these precursors will have been used up, and a mechanism will have to be devised for the regeneration of those precursors by more specific chemical routes than those originally used. We can see these very specific biosynthetic routes in the living organism of today.
The last ten to twenty years, since the application of tracer techniques particularly,has exposed to us the wide variety of relatively complex biosynthetic sequences, an illustration of which we had in FIGURE 4 leading to the porphyrin, and which appear to be a sequence of reactions directed toward a particular end. The usefulness of any intermediate step does not become apparent until the final product is formed. Such sequences, on an organismic level, have led to a variety of teleological theories about the nature of evolution, However, on the molecu1aS~-level it is possible to see the way in which complex, apparently directed, bfosynthetic sequences arose by the operation of the ordinary laws of physics and chemistry, including the idea of autocatalysis as the basis of selection, This was pointed out by Rorowitz some years ago when he recognized that once having formed a useful material into an "organism", which could transmit its information to its offspring, this process would continue so long as precursors were available for this "organism" to use for its reproduction.
However, eventually i t was c l e a r t h a t one o r another o r these precursors would become exhausted. That p a r t i c u l a r organism which could adapt i t s e l f by a Paadom v a r i a t i o n t o make t h e missing precursor from molecules which s t i l l r emained w a l l a b l e t o it would, of course, survive, provided t h e knowledge of how it was done could be transmitted; a l l t h e others would d i e out. Thus, we would now have lengthened the chain o f synthesis by one step, b u t in a back-
ward d i r e c t i o n toward t h e simpler precursors. By extrapolating t h i s back, eventually t o carbon dioxide, one can g e t t h e very complex and what appear t o be t o t a l l y d i r e c t e d syntheses from t h e very simplest of a l l carbon compounds. THE ULTIMATE FUEL --PHOTOSYNTHESIS W e have remaining one a d d i t i o n a l a t t r i b u t e which i s always a s s o c i a t e d i s with l i v i n g m a t e r i a l and which/very f r e q u e n t l y c a l l e d upon a s a p r e r e q u i s i t e t o l i f e , namely, t h e a b i l i t y t o use energy-yielding chemical r e a c t i o n s t o
c r e a t e order o u t of d i s o r d e r . Ultimately, of course, t h e l a r g e -s c a l e evolution of l i v i n g organisms t o t h e extent t h a t we a r e now familiar with it, could not take place u n t i l t h e invention of photosynthesis, t h a t i s , t h e coupling of t h e a b i l i t y of c e r t a i n molecules t o absorb s o l a r energy, t o t h e a b i l i t y of c e r t a i n o t h e r molecules t o use %his euergy f o r t h e synthesis of t h e necessary s t r u c t u r e s .
Here it i s almost c e r t a i n t h a t t h e a b i l i t y t o synthesize had lmng been evolved before t h e a b i l i t y t o couple the absorbed s o l a r energy t o those s y n t h e t i c r e a c t i o n s
was discovered. The use of porphyrins by nonphotosynthetic organisms i s widespread, and almost c e r t a i n l y random v a r i a t i o n i n s t r u c t u r e l e d t o t h e discovery t h a t small changes i n t h e porphyrins, l e a d i n g t o t h e construction of chlorophyll and i t s use i n transmitting energy f o r biosynthesis, l e d t o t h e invention of 
THE FOSSIL RECORD --MAN 'S PLACE
With t h i s b i o l o g i c a l discovery t h e stage w a s s e t f o r t h e enormous development of l i v i n g organisms on t h e surface of t h e e a r t h as we know them today, From here on, t h e f o s s i l record i s q u i t e complete and t h e r e i s l i t t l e p o i n t f o r us t o pursue i n d e t a i l t h e ascent and divergence of l i f e , leading u l t i m a t e l y t o mankind i n t h e l a s t m i l l i o n years. 22 
It i s perhaps worthwhile a t t h i s p o i n t t o t r y and a s s e s s t h e amount of time which may be a l l o t t e d t o each of t h e major kinds of operatdons, o r s e -
quences of events, which we have outlined a s leading u l t i m a t e l y t o c e l l u l a r l i f e a s we know it on t h e e a r t h today, and man. Most of you a r e undoubtedly
aware of t h e f a c t t h a t from t h e very beginning t h e f o s s i l record contains
evidence of very n e a r l y a l l of t h e major subkingdoms, o r phyla, of l i f e today. This f o s s i l record, which i s some 500 t o 1000 m i l l i o n years old, thus i n d ic a t e s t h a t by t h e time l i f e was s u f f i c i e n t l y w e l l developed t o leave a f o s s i l record it had already nanffested i t s e l f i n n e a r l y a l l of t h e major types of forms which we now recognize. This time period c o n s t i t u t e s something l e s s than one-quarter of t h e e n t i r e habitable l i f e span of t h e e a r t h . Thus we have sorrre two o r t h r e e h i l l i o n s of years during which we can pursue t h e process of Chemical Evolution, overlapping with t h a t p a r t of t h e evolution of c e l l u l a r l i f e ( b i o t i c evolution) which was unable t o l e a v e a record of i t s e l f i n t h e rocks. This i s an extremely long period of time which gives us ample opp o r t u n i t y f o r t h e enormous numbers of t r i a l s and e r r o r s which would be r equired t o develop a l l t h e possible molecular processes and combinations which must have been t r i e d .
Undoubtedly, many d i f f e r e n t informatimcarrying molecular speci e s had a b i r t h , a l i f e span and a death, much a s we know see i n t h e f o s s i l record f o r t h e highe r forms. One (DNA) o r only a few, of these c l o s e l y r e l a t e d information-carryIng molecules, o r molecular species, eventually superseded a l l the r e s t , bebecause of the particular structural, chemical and dynamic properties of this arrangenent of atoms, i . e., stability, template or complementarity quality, mutability and others not yet defined. It was from this (these) that the present-day organism have developed, thus providing a basic similarlity in all living processes as we know them today.
The determinism in the arrangement of a system increases with the number of trials (events) that can occur in reaching it. On the molecular level, where the number of changes occurring per second is high, predictability with regard to what will happen in a given situation to a group of molecules amounts to certainty. For example, pressure maintained by bombardment of molecules on the walls of a vessel containing a certain number of gas molecules at a specified temperature is quite predictable. While we cannot specify the particular molecules which will strike the wall at any time, we can be quite sure that in a given period of time a certain number will do so.
At the other extreme, the segregation and recombination of genes which may take place in the formation of a new individual by (geologically) modern genetic mechanisms appears as a completely undetermined, or random, choice, since only a single event 5s involved. However, among a group of organisms of a given species there will be a predictable distribution of properties at a given time under a specified set of conditions.
On the other hand, coming up from molecules and molecular aggregates, we will reach a stage, probably after the invention of bellular heridity based on nucleic acid, when the m b e r of events (rate multiplied by time available)
will not be large enough to insure that all arrangements possible will have been tried, and an indeterminism with respect to those that have appeared will ensue.
Therefore, while an indeterminism exists with respect to the character of any individual living thing and a limited indeterminism exists with respect to species, the time element is so great and the amount of genetic material which has been cycled through t h e sequence of b i r t h , growth, development and death i s s o enormous, 23 t h a t t h e c e r t a i n t y of t h e occurrence of c e l l u l a r l i f e as we know it on e a r t h today seems assured, given t h e i n i t i a l s t a r t i n g conditions,
A most convincing demonstration t h a t such a sequence of events, leading from nonliving matter t o l i f e , could, and probably did, t a k e p l a c e , would be an experiment f n which a system of organic material, c a l l e d a l i v e by most b i o l o g i s t , i s produced through t h e agency of no o t h e r l i f e save t h e hand of man.24 And already today t h e r e i s s e r i o u s discussion as t o whether some of t h e experiments performed i n t h e last year might n o t f u l f i l l t h e s e conditions* It t h u s appears t h a t man i s a r a t h e r l a t e and highly developed (perhaps t h e most highly developed) form of t h a t organization of m a t t e r which we c a l l l i v i n g , on t h e surface of t h e e a r t h , and which is t h e r e s u l t of t h e p e c u l i a r and s p e c i a l environmental s i t u a t i o n provided on t h e surface of t h e e a r t h s i n c e f t s formation some f i v e b i l l i o n years ago, W e have known f o r some time now t h a t t h e e a r t h i s t h e number t h r e e p l a n e t i n o r b i t around a r a t h e r ordinary star on t h e edge of one of t h e minor galaxies of t h e universe, Thus, presuming l i f e t o be a unique occurrence l i m i t e d t o t h e surface of t h i s one r a t h e r t r i v i a l ( i n terms of mass, energy, p o s i t i o n , e t c , ) p l a n e t i n t h e universe, wan, though an impressive r e p r e s e n t a t i v e of t h e s t a t e of matter c a l l e d l i v i n g , i s not viewed a s a major cosmic f o r c e .
Now man i s about t o send back i n t o space some b i t s of t h e d u s t from whence it o r i g i n a l l y came. This r e t u r n w i l l be i n t h e form of machines, and event u a l l y of man himself. It i s thus not only timely b u t more s i g n i f i c a n t than ever before t o ask again t h e question: What a r e t h e p r~b a b i l~t i e s t h a t c e l l ular life as we know it may e x i s t a t o t h e r s i t e s i n t h e universe t h a n t h e surf a c e of t h e e a r t h ? I n view of t h e chemistry of carbon (and a few of i t s near neighbors) and t h e consequences t h i s has given r i s e t o i n t h e environment t o be " < -1 -n ? 0 0~1 We surface of t h e e a r t h , a l l t h a t i s required t o answer, o r t o ( t h e minimum number of s t a r s which might be i n the uni-8 v e r s e ) , This leads t o the number 10 , t h a t is, one hundred million, a s the number of habitable planets t o be found i n the universe. Remember t h a t t h i s calculation i s limited t o those planets which w i l l have conditions within t h e range compatible with c e l l u l a r l i f e , based on carbon, as we know it on e a r t h .
This does not include such systems, which conceivably we can imagine, based on o t h e r elements, such a s silicon, or nitrogen, o r perhaps even anti-matter,
Such worlds and such systems may very well e x i s t . However, these a r e not included a s p o s s i b i l i t i e s i n t h i s calculation, W e have already c u t down the l i m i t s by our four f a c t o r s of one-thousandth, leading t o something of the order of 100,000,000 planets which can support c e l l u l a r l i f e a s we know it on the surface of the e a r t h .
Since the time element seems t o be about the same f o r a l l p a r t s of the universe, namely, something greater than f i v e b i l l i o n years, it would appear t h a t we can be reasonably c e r t a i n t h a t these hundred million other planets w i l l indeed have c e l l u l a r l i f e on them, Since i n the course of the chemical and bioitic evolution the appearance of man on the surface of t h e e a r t h has occupied only a very small fragment of time, namely, only one million years of the f i v e b i l l i o n , it i s c l e a r t h a t we may expect t o f i n d c e l l u l a r l i f e , and perhaps p r e c e l l u l a r l i f e and posthuman l i f e , i n many of these other p l a n e t s ,
The one million year period, given t o the evolution of man on earth, c o n s t i t u t e s an extremely small element of t h i s long period of time and an uncertainty of t h i s order could, and almost certainly does, exist in the status of the evolutionaryt sequence elsewhere in the universe.
We can thus assert with some degree of scientific confidence that cellular life as we know it on the surface of the earth does exist in some millions of other sites in the universe. This does not deny the possibility of the existence of still other forms of matter which might be called living which are foreign to our present experience, By answering our second question in this way, we have now removed life from the liaited place it occupied a moment ago, as a rather special and unique event on one of the minor planets around an ordinary sun at the edge of one of the minor galaxies in the universe, to a state of yatter widely distributed throughout the universe. This change induces us to re-examine the status of life on the surface of the earth. In doing so we find that life on the surface of the earth is not a passive, existing thing, but actually changes and forms the environment in which it grows. The surface of the earth has indeed been completely transformed in its character by the development of the state of organization of matter which we call life. Furthermore, it is undergoing another, and perhaps a more profound transformation, by one cepresentative, or manifestatiorlj of that organization of matter, mankind.
MAN IN SPACE --THE NEXT STEP Now that man has the capability of taking his machines and himself off of the surface of the earth and of beginning to explore outer space, there is no reason to suppose that life, and man as its representative, will not transform any pl-, or any other astral body upon which he lands, in the same way, and perhaps even in a more profound way, than he has transformed the surface of the earth. For example, it might suit him in the future to change the course of the orbit of the moon and it seems within the realm of possibility that he should be able to do so. When we realize that other organisms may be doing similar things at some millions of other regions in the universe, we see that life itself becomes a cosmic influence of significant proportions, and man, as one representative of that state of organization of matter, becomes a specific cosmic influence himself, Thus have we come to a complete inversion of our view of the place of life and of man in the universe from a trivial to a major cosmic influence, And we have come to this view entirely upon the basis of experimental and observational science and scientific probability.
Man's adventure into space, which is about to begin, is not merely a flexing of muscles --a demonstration of strength. It is a necessary aspect of evolution and of human evolution in particular. It fs an activity within the capability of this complex organism, man, and it must be explored as every other potentially-useful evolutionary possibility has been. The whole evolutionary process depends upon each organism developing to the greatest extent every potential. It is the particular function of the university to facilitate this development of the uniquely humadpotential of understanding and control --to lead lead the species in its new exploration as well as serving it in transmitting its established patterns.
